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A B S T R A C T
In the present study, we evaluated CO2, CH4, and N2O ﬂuxes in mangrove soils that receive shrimp farming
eﬄuents. Soil and gas samples were collected from a mangrove that receives the discharge of shrimp pond
eﬄuents and another mangrove forest free of the eﬄuent impacts. CO2 and N2O emissions were signiﬁcantly
higher in the mangrove soil aﬀected by the shrimp eﬄuents (51.4mgm2 h−1 and 90.9 μgm−2 h−1, respectively)
than in the mangrove soil free of the eﬄuents (26.5 mgm−2 h−1 and 40.4 μgm−2 h−1, respectively). No sig-
niﬁcant diﬀerences in CH4 emissions were observed between the two mangroves soils (mean values ranging from
0.2 to 0.8 mgm−2 h−1). Suboxic conditions govern nitriﬁcation-denitriﬁcation and mineralization processes and
control CO2 and N2O emissions from the soil; however, CH4 ﬂuxes were not aﬀected. The highest emissions from
the impacted soil (93% higher for CO2 and 125% higher for N2O) were attributable to the high content of organic
carbon, total nitrogen, and potentially mineralizable nitrogen, which reduce the role of the mangrove in miti-
gating greenhouse gas emissions.
1. Introduction
Coastal ecosystems are widely known for their capacity to store C
(Chmura et al., 2003); this led to the creation of the term “Blue Carbon,”
which refers to all C stored in plant biomass, litterfall, and soil (Mcleod
et al., 2011; Nellemann et al., 2009). Estuarine ecosystems, mainly
mangroves, may capture and store around 235–450 Tg C every year and
are, thus, considered key ecosystems for climate change mitigation
(Duarte et al., 2008; Kauﬀman et al., 2011; Murdiyarso et al., 2015;
Nellemann et al., 2009).
However, previous studies have shown that land use conversion in
coastal ecosystems, like mangroves, mainly aﬀects the pools of pre-
viously sequestered C, resulting in considerable CO2 emissions
(Kauﬀman et al., 2018; Pendleton et al., 2012). Other studies have also
suggested that the release of nutrient-rich eﬄuents in mangrove eco-
systems may decrease C stock and increase CO2, CH4, and N2O
emissions (Chen et al., 2012; Suárez-Abelenda et al., 2014).
In this scenario, shrimp farming is considered one of the greatest
threats to mangroves, as it causes deforestation, land use change, ef-
ﬂuent discharge, and heavy metal contamination and aﬀects
14,000 km2 ha of forests worldwide (Chai et al., 2015; Kauﬀman et al.,
2018; Naylor et al., 2000; Sandilyan and Kathiresan, 2014; Valiela
et al., 2001). Globally, 38% of the degraded mangroves are aﬀected by
industrial shrimp farming (Polidoro et al., 2010). In intensive produc-
tion systems, 30% of the water volume can be released per week, with
35–72% of the nitrogen input discharged to adjacent areas (Jackson
et al., 2003). Despite global concern regarding the eﬀects of shrimp
farming eﬄuents on adjacent environments, there is limited informa-
tion on the indirect eﬀects of these eﬄuents, which are rich in biode-
gradable organic matter and nitrogen for greenhouse gas (GHG) emis-
sions (Páez-Osuna, 2001; Sansanayuth et al., 1996; Trott and Alongi,
2000; Yang et al., 2017).
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In mangroves, soil GHG emissions (e.g., CO2, CH4, and N2O) are
attributable to soil microbial processes such as microbial activity, or-
ganic carbon (OC) and nutrients, and redox conditions (Chen et al.,
2010; Nóbrega et al., 2016). For example, CO2 emissions may be trig-
gered by an increase in available soil OC content (Alongi et al., 1999;
Kristensen et al., 1995; Lewis et al., 2014), whereas CH4 production
directly depends on a strongly reducing environment (Eh < −200mV)
(Kreuzwieser et al., 2003; Nóbrega et al., 2016). Oscillations under
redox conditions, nitrogen content, and microbial denitriﬁcation and
nitriﬁcation processes control N2O emissions (Bange et al., 1996;
Krithika et al., 2008; Souza and Enrich-Prast, 2012; Trott and Alongi,
2000; Williams and Crutzen, 2010). Thus, nitrogen inputs may aﬀect
the role of mangroves as key ecosystems for climate change mitigation
(Kristensen et al., 2017; Lovelock et al., 2010; Reef et al., 2010).
In the present study, we aimed to investigate CO2, CH4, and N2O
ﬂuxes from mangrove soils that receive shrimp pond eﬄuents in the
Jaguaribe River Estuary, the largest shrimp-producing estuary in Brazil
(Mole and Bunge, 2002), and quantify the impacts of discharge of the
shrimp farming eﬄuents on the mangrove soils and their role in GHG
emissions.
2. Materials and methods
2.1. Study site description
The studied mangrove forests are located in the Jaguaribe River
Basin in the state of Ceará, NE Brazil (Fig. 1). The regional climate is
tropical semiarid, with an irregular wet season from January to May
and a dry season from June to December, mean rainfall of 983mm, and
mean annual temperature of 27 °C (Silva and Souza, 2006). The state of
Ceará is the largest shrimp producer in Brazil and one of the largest
shrimp producers worldwide, and it produced 90,000 t of shrimp in
2014 (Nunes and Rocha, 2015; Queiroz et al., 2013).
In the Jaguaribe River Estuary, shrimp ponds cover 2,360 ha and are
responsible for approximately 20% of shrimp production in Brazil
(Rocha et al., 2013). Shrimp production in the Jaguaribe Estuary is
characterized by low technological investment, high water renewal rate
(5%–10% per day), and direct discharge of eﬄuents into the man-
groves, resulting in high nitrogen emissions to mangrove forests
(0.47 kg N ha−1 day−1) (Lacerda et al., 2006).
The sampled sites were in two diﬀerent mangrove forests: near the
shrimp pond eﬄuent disposal (ED) and a site free of the impacts of the
eﬄuent disposal (EF) during both dry and wet seasons (Fig. 1). The ED
samples were collected from mangroves close to shrimp ponds that
receive eﬄuents from creeks within this mangrove, whereas at both
sites, gas and air samples were collected from the same physiographic
position; the sites have the same dominant vegetation (Avicennia
schaueriana Stapf & Leechman and Rhizophora mangle L.).
2.2. Soil sampling and analyses
A total of 20 soil samples were collected from ED and EF during the
low tide by using PVC tubes (length, 10 cm; diameter, 5 cm). The soil
samples were refrigerated during transport to the laboratory (approxi-
mately 4 °C) and immediately analyzed to minimize microbial pro-
cesses.
During the soil sampling, the pH and redox potential (Eh) values
were measured in situ. The Eh was obtained using a silver/silver
chloride electrode with the ﬁnal values corrected for the calomel re-
ference electrode by adding +244 mV, whereas the pH glass electrode
was calibrated with pH 4 and pH 7 standard solutions.
The soil particle size distribution was determined using the pipette
method (Gee and Bauder, 1986), preceded by oxidation of the organic
matter with H2O2 and dispersion using a combination of physical
(overnight shaking) and chemical [0.015 mol L−1
(NaPO3)6 + 1.0 mol L−1 NaOH] methods.
The total nitrogen was determined by digestion (Bremner and
Mulvaney, 1982), and inorganic nitrogen (NH4+-N and NO3−-N) con-
tent were determined using steam distillation after extraction with
2mol L−1 KCl (Keeney and Nelson, 1982). The organic nitrogen was
determined using the diﬀerence between total nitrogen and the mineral
forms.
The potentially mineralizable nitrogen (PMN) content was de-
termined using the method proposed by Keeney and Bremner (1966),
involving anaerobic incubation and quantiﬁcation of the produced
ammonium.
The soil OC content was obtained after the soil samples were pre-
treated using 1mol L−1 HCl for the removal of inorganic C (Howard
et al., 2014) and determined using combustion with a C analyzer
TOC–VCPN (Shimadzu Corp, Kyoto, Japan.)
2.3. Measurement of GHG ﬂuxes
Gas ﬂuxes (CO2, CH4, and N2O) were recorded close to the soil
sampling sites in both ED and EF by using six opaque/dark chambers
(18 cm in height and 15 cm in diameter), which were installed by in-
serting them 5 cm into the soil during the low tide and leaving them
open for 30min to stabilize the interior pressure (Allen et al., 2007;
Keller et al., 2000). The ﬂuxes at both sites were determined in tripli-
cate by collecting the gas samples at pre-established intervals (20min;
e.g., 0, 20, and 40min) in 3 h (covering half tides and low tide) with a
20mL nylon syringe; the samples were transferred to 20mL vacuumed
vials. Thus, one gas ﬂux was obtained from each chamber every hour so
that 18 GHG ﬂuxes were assessed for each site. During the sampling, the
air temperatures inside the chambers as well as mangrove soil tem-
perature and atmospheric pressure were measured.
The GHG concentrations were determined using gas chromato-
graphy (Bruker 450-GC, Bruker Inc., Billerica, MA, USA), and the ﬂuxes
(mg of gas m−2 h−1) were calculated using the ideal gas law (pv=nRt)
after considering the changes in gas concentrations over time in the
closed chamber in relation to the chamber volume and area, soil tem-
perature, and atmospheric pressure (Howard et al., 2014).
Fig. 1. Location of mangrove forests in the Jaguaribe River Estuary and, in
detail, large shrimp ponds. The orange points indicate the sampled sites, ED:
site receiving shrimp pond eﬄuents; EF: site free of the impacts of the eﬄuents.
The satellite images were obtained from Google. In the image on the left, the X-
Y axes represent UTM coordinates. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this
article.)
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2.4. Statistical analysis
The soil variables (e.g., total N; org N; NH4+-N; NO3−-N; PMN, and
OC) and GHG ﬂuxes were subjected to the non-parametric
Kruskal–Wallis test to assess diﬀerences between the sites, with a level
of signiﬁcance set to p < 0.05 (Reimann et al., 2008; XLSTAT version
2014.5.03). The non-parametric test was used because the data did not
show a normal distribution and, because this test depends on fewer
assumptions, it is more robust for environmental data (Reimann et al.,
2008).
In addition, the relationships among the soil variables were assessed
using factor analysis (FA) after varimax orthogonal rotation so that the
variables loaded predominantly into one component, making it possible
to interpret the data structure (Reimann et al., 2008).
3. Results and discussion
3.1. Physicochemical conditions and particle size distribution
In both mangrove forests, the soil pH values were circumneutral to
slightly alkaline (mean ED values: 7.7 ± 0.3; EF: 7.8 ± 0.2), whereas
the Eh values ranged from +177 ± 49 mV in ED to +183 ± 33 mV
in EF; this conﬁrmed the dominance of suboxic conditions (+100 to
+300 mV; Delaune and Reddy, 2005) in both sites and seasons
(Fig. 2A). The soils were dominated by clay (Fig. 2B), with textures
classiﬁed as silty clay loam (ED) and silty clay (EF).
The Eh and pH values are consistent with the depth sampled be-
cause superﬁcial mangrove soil layers exhibit predominately suboxic
conditions (Ferreira et al., 2007); besides, an eﬀect related to the
semiarid climate, marked by high evapotranspiration rates, was ob-
served, and it promotes superﬁcial soil desiccation (Queiroz et al.,
2018). In fact, previous studies on semiarid mangroves have also re-
ported the dominance of suboxic/oxic conditions (Araújo Júnior et al.,
2016; Nóbrega et al., 2013).
3.2. Soil nitrogen forms and OC content
The soil organic matter content was higher in ED than in EF, re-
sulting in higher OC content (mean: 20.5 ± 4.8 and
12.8 ± 1.55 g kg−1 for ED and EF, respectively; Fig. 3A); total nitrogen
(ED: 1.9 ± 0.3 g kg−1; EF: 1.4 ± 0.3 g kg−1; Fig. 3B); organic ni-
trogen (ED: 1.9 ± 0.3 g kg−1; EF: 1.4 ± 0.3 g kg−1; Fig. 3C); and PMN
(mean: 0.4 ± 0.1 and 0.3 ± 0.1 g kg−1 for ED and EF, respectively;
Fig. 3D). No statistical diﬀerences between the sites were recorded for
NO3−-N and NH4+-N, which represented a small portion of the total
nitrogen content. However, the NH4+-N content (mean: 12.2 ± 5.3
and 12.7 ± 5.4mg kg−1 for EF and ED, respectively; Fig. 3E) was
signiﬁcantly higher than the NO3−-N content at both sites (mean:
4.6 ± 6.8 and 3.2 ± 4.9mg kg−1 for EF and ED, respectively;
Fig. 3F).
These results show that shrimp farming favors the accumulation of
nitrogen and OC in the soil in the mangrove forests adjacent to the
ponds. The discharged untreated eﬄuents contain high concentrations
of biodegradable organic matter (e.g., feed residues and shrimp waste),
fertilizers, and dissolved inorganic nutrients (e.g., phosphate and ni-
trate), which can explain the OC and total nitrogen enrichment ob-
served in ED when compared with the control site (EF) (Chen et al.,
2011; Jackson et al., 2003; Jeronimo and Balbino, 2012; Lacerda, 2006;
Nóbrega et al., 2014; Páez-Osuna et al., 1999). In addition, previous
studies have indicated that eﬄuent discharge may promote higher CO2
emissions and reduce the C stocks in the soil (Kauﬀman et al., 2018;
Suárez-Abelenda et al., 2014).
Among the inorganic nitrogen forms, the predominance of ammo-
nium (Fig. 3E) is attributable to the predominance of ammoniﬁcation in
relation to other nitrogen transformation processes that occur under
both aerobic and anaerobic conditions (Andreote et al., 2012; Van
Cleemput et al., 2007). In estuarine soils, frequent tidal ﬂooding results
in low oxygen diﬀusion through the soil and nitrate reduction
(Cartaxana et al., 1999) and, thus, low NO3−-N content (Fig. 3F).
PMN represents the active organic nitrogen pool potentially avail-
able for microbial mineralization, e.g., organic substrates including
microbial biomass, residues of plants, and humus, and, it is, thus, a
good estimate of the soil's capacity to produce inorganic nitrogen
(Campbell and Curtin, 2007; Verhoeven et al., 2014). However, few
studies on mangrove ecosystems have assessed PMN, despite its im-
portance as an indicator of biological activity and available nitrogen for
ammoniﬁcation, nitriﬁcation, and denitriﬁcation in mangrove soils. In
fact, the PMN content recorded in the studied mangrove soils was
higher than that recorded in soils from other environments under oxi-
dizing conditions (Table 1), indicating less favorable conditions for
organic nitrogen mineralization due to suboxic conditions (Fig. 2A).
Besides, according to Cordovil et al. (2005), nitrogen inputs in the soil
Fig. 2. Physicochemical conditions and particle size composition of the studied
soils. (A) The dashed line indicates the range of natural Eh-pH for the en-
vironments (adapted from Brookins, 1988) with mean values (± S.D.) of Eh
and pH in ED and EF; (B) sand, silt, and clay (B) content of the two mangrove
soils. ED: site receiving shrimp pond eﬄuents; EF: site free of eﬄuent impacts.
Fig. 3. Total nitrogen (A), organic nitrogen (B), PMN (C), OC (D), NH4+-N (E),
and NO3−-N (F) content of the two mangroves. The means followed by the
same letters in the bars did not diﬀer statistically according to the
Kruskal–Wallis test at p= 0.05. ED: site receiving shrimp pond eﬄuents; EF:
site free of eﬄuent impacts.
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through nitrogen-rich compounds lead to higher PMN values and fast
initial nitrogen mineralization. Thus, the higher PMN values in ED in-
dicate higher nitrogen content active in the soil because of eﬄuent
discharge.
3.3. CO2, CH4, and N2O ﬂuxes
The mean CH4 ﬂuxes (ED: 0.2 ± 0.2 mg CH4 m−2 h−1; EF:
0.8 ± 1.1mgm−2 h−1; Fig. 4B) did not show signiﬁcant diﬀerences
between the sites. The CH4 ﬂuxes were higher than those of preserved
coastal wetland soils, yet lower than those of the impacted mangroves
(Table 2). The suboxic conditions in the evaluated 10 cm layer (Fig. 2A)
do not favor methanogenesis, a process that occurs under anoxic con-
ditions (Eh < −200mV; Reddy and DeLaune, 2008) after the other
electron acceptors (O2 → NO3− → Mn4+ → Fe3+ → SO42−) are con-
sumed; in this case, the presence of alternative electron acceptors
probably inhibited CH4 production, resulting in low CH4 emissions
(Koh et al., 2009). Moreover, the low CH4 ﬂuxes are related to their
oxidation by methanotrophs along the soil column to the surface
(Schrier-Uijl et al., 2011). However, CH4 may be produced at higher
depths where anoxic conditions exist and reach the atmosphere by the
eﬀect of tides, roots, and/or bioturbation (Kristensen et al., 2017;
Nóbrega et al., 2016).
The mean ﬂuxes of CO2 (Fig. 4A) and N2O (Fig. 4C) at the studied
site were signiﬁcantly higher and twice as high, respectively, than those
at the eﬄuent-aﬀected site. The N2O ﬂuxes were higher than those at
the mangroves impacted by shrimp pond eﬄuents (Table 2). Although
the absent diﬀerences among sites for inorganic nitrogen forms, a
slightly higher content of NO3−-N in EF may indicate less intense de-
nitriﬁcation. Besides, OC and nitrogen input may enhance soil micro-
biological activity, resulting in higher GHG emissions (Chauhan et al.,
2015; Chen et al., 2012, 2011; Muñoz-Hincapié et al., 2002); therefore,
the highest emissions are associated with higher OC, org N, and PMN
(Fig. 4D). In addition, shrimp eﬄuents may contain NO3−N, which is
unstable when the O2 supply is low and may quickly act as a strong
oxidizer for organic matter decomposition (Beaulieu et al., 2011;
Suárez-Abelenda et al., 2014).
N2O production is controlled by microbial activity, nitriﬁcation, and
denitriﬁcation processes, which are aﬀected by nitrogen availability,
Eh, and pH conditions (Fernandes et al., 2010; Kreuzwieser et al., 2003;
Purvaja et al., 2008; Souza and Enrich-Prast, 2012). However, the ab-
sent statistical for nitrate and ammonium at both sites indicates that
N2O production is attributable to a fast pathway (denitriﬁcation) at a
rate similar to ammoniﬁcation, thus preventing an increase in inorganic
forms. Thus, the quantiﬁcation of inorganic nitrogen phases for eva-
luation of the potential risk of N2O emission may not be eﬃcient for the
quantiﬁcation of PMN.
Nitriﬁcation and denitriﬁcation may occur simultaneously under a
wide range of redox conditions ranging from+200 to +350 mV (Bauza
et al., 2002; Chen et al., 2012; Pochana and Keller, 1999); besides, both
studied sites are within this redox range (Fig. 2A), and the higher PMN
and total nitrogen content in ED are fueling the high N2O emissions. In
this case, PMN is a key potential indicator of net nitrogen mineraliza-
tion and predicts the release of inorganic nitrogen forms.
The main denitrifying microorganisms are organotrophs, such as
Pseudomonas (Bremner, 1997), and they tend to grow and increase their
activity in the presence of low-molecular-weight organic compounds
present in shrimp eﬄuents or after initial degradation of organic matter
(Boopathy, 2018; van Rijn et al., 2006).
The nitrogen pathways leading to N2O emissions are summarized in
Fig. 5, which shows how suboxic conditions may drive the nitrogen
cycle towards N2O emissions and may occur constantly and intensely in
mangroves that receive eﬄuents from the shrimp ponds. These path-
ways involve a continuous cycle of ammoniﬁcation → nitriﬁcation →
SOM mineralization via NO3− reduction (denitriﬁcation) and promote
CO2 and N2O emissions. In summary, the disposal of eﬄuents from
shrimp farming in mangrove soils results, initially, in the enrichment of
labile organic matter and nitrogen compounds. These nitrogen com-
pounds are converted to nitrate and ammonium, which accelerate or-
ganic matter decomposition (emitting CO2) but also promote N2O
emission via denitriﬁcation.
The recorded N2O ﬂuxes in this study are higher than those pre-
viously reported in other mangroves and ecosystems recognized as
important N2O emitters, e.g., grazed grasslands (Table 2), which ac-
count for 2.1 Tg N2O year−1 emissions (Matson and Vitousek, 1990;
Mosier et al., 1998; Oenema et al., 1997). These results conﬁrm the
need for mangrove preservation because mangrove ecosystems may
become GHG emitters, especially N2O emitters, because of shrimp farm
Table 1
Mean values of potentially mineralizable nitrogen (PMN) under diﬀerent soil conditions and contrasting ecosystems.
Sites Location PMN (g kg−1) Reference
ED Aracati, NE-Brazil 0.41 ± 0.11 -
EF Aracati, NE-Brazil 0.35 ± 0.10 -
Tidal Freshwater Marsh Shandong, China 0.38 ± 0.12 Gao et al. (2014)
Crop soil - cultivated with sugar cane Pindorama, SE-Brazil 0.15 ± 0.06 Yagi et al. (2009)
Crop soil - enriched with swine breeding residual Viçosa, SE-Brazil 0.21 ± 0.01 Barros et al. (2010)
Tropical forest native vegetation Hawaii, USA 0.15 ± 0.01 Deenik (2006)
Crop soil - cultivated with sugar cane Santa Cruz das Palmeiras, SE-Brazil 0.09 ± 0.01 Mariano et al. (2013)
Crop soil - cultivated with eucalyptus Pilbara, NW-Australia 0.04 ± 0.01 McIntyre et al. (2009)
ED: site receiving shrimp pond eﬄuents; EF: site free of eﬄuent impacts.
Fig. 4. CO2 (A), CH4 (B), and N2O (C) ﬂuxes at the soil–atmosphere interface at
ED and EF and principal component biplot of the main patterns of variation
among the soil parameters (red lines) (D). The means followed by the same
letters in the bars did not diﬀer statistically according to the Kruskal–Wallis test
at p=0.05. ED: site receiving shrimp pond eﬄuents; EF: site free of eﬄuent
impacts. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)
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impacts; large mangrove areas worldwide are aﬀected by the discharge
of shrimp farm eﬄuents (Corredor et al., 1999; Meireles et al., 2007;
Mole and Bunge, 2002; Queiroz et al., 2013; Williams and Crutzen,
2010).
4. Conclusions
In our study, higher CO2 ﬂuxes were observed in response to the
discharge of shrimp farm eﬄuents in the mangroves, although an in-
crease in C content was observed in the sites adjacent to the ponds. This
could lead to C loss from the soils; however, a balance between C loss
and sequestration is required to assess the actual contribution of the
impacted mangroves to climate change.
The shrimp farm eﬄuents intensiﬁed both nitriﬁcation and deni-
triﬁcation processes, leading to high N2O emissions. The dynamics
between nitriﬁcation and denitriﬁcation processes were favored by
suboxic soil conditions, allowing the simultaneous occurrence of both
processes and thus fueling N2O emissions.
We propose a positive feedback model under suboxic conditions and
involving ammoniﬁcation-nitriﬁcation-denitriﬁcation, which results in
high N2O and CO2 emissions from mangrove soils that receive shrimp
farm eﬄuents. Our data show that mangrove soils, widely known to
mitigate GHG emissions, may be negatively aﬀected by shrimp farm
activities and trigger high N2O emissions.
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